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(54) Absorbable implant materials having controlled porosity 



(57) Absorbable implant materials having controlled 
porosity are formed by a method comprising the steps 
of: providing a dispersion of a bioabsorbable polymer, 
such as collagen , in a first solvent, such as water; adding 
particles of a second material, e.g. frozen water droplets 
or ice particles to the dispersion; followed by freezing 



the dispersion to form a frozen dispersion having the 
particles embedded therein, and removing both the first 
solvent and the second material from the frozen disper- 
sion by freeze-drying or solvent extraction to leave the 
porous implant material. The invention also encompass- 
es the use of such implant materials for wound healing 
applications. 
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Description 

The present Invention relates to bioabsorbable ma- 
terials having controlled porosity. The materials are es- 
pecially suitable for use as implants or dressings in 
wound healing applications. 

A number of attempts have been made to fashion 
solid, bioabsorbable implant and/or dressing materials 
for application to wounds to protect the wounds and as- 
sist wound healing and tissue regeneration. 

A solid wound implant material should preferably in- 
clude the properties of gradual, controllable degradation 
and absorption in situ as the wound heals, low antigenic- 
ity, mechanical strength, conformability, and optimised 
porosity. The controlled porosity is important because 
the healing of wounds depends on the production by the 
wound of substantial quantities of matrix materials and 
granulation tissue involving the migration of fibroblast 
cells and connective tissue into the implant. 

Various naturally occurring biopolymers, including 
proteins and polysaccharides, have been used over the 
last 20-30 years in the treatment of wounds or the aug- 
mentation of soft tissues. Proteins such as collagen, the 
most common animal protein and the main component 
of most connective tissues in the animal body, have 
been used due to their convenient physical properties 
and their high degree of bioacceptability. Collagen ex- 
ists as many genetically distinct types, but the higher 
mammals share in common these types and the homol- 
ogy between the various types in , for example, man, cat- 
tle, sheep, pigs or chickens, is remarkably high. This 
means that the immunogenicity of animal collagens 
when implanted into humans, is very low and, therefore, 
that adverse reaction is very low. Furthermore, collagen 
and many other biopolymers actively assist wound heal- 
ing by promoting the proliferation of fibroblasts, and by 
promoting angiogenesis. 

Other proteins, especially those of the connective 
tissue matrix of man have been suggested as possible 
components of wound healing or tissue implant materi- 
als. These proteins include fibronectin, laminin and fi- 
brin. Similarly, the high molecular weight polysaccha- 
rides of the connective tissue matrix have also been 
used in various types of wound dressing or "synthetic 
skins". These include such molecules as heparan sul- 
phate, chondroitin sulphate, hyaluronic acid and derma- 
tan sulphate. Other naturally occurring polysaccharide 
materials, especially of plant origin, have been cited as 
useful in the manufacture of dressings for wounds (e.g. 
alginates, guar gum, various plant gums) although not, 
in the main, in fabrication of implants as they are not 
bioabsorbable. 

US-A-4970298 (Frederick H. Silver era/) describes 
a biodegradable collagen matrix allegedly suitable for 
use as a wound implant. The matrix is formed by freeze 
drying an aqueous dispersion containing collagen, 
cross-linking the collagen via two cross-linking steps 
and freeze-drying the cross-linked matrix. The matrix 



may also contain hyaluronic acid and fibronectin. 

EP-A-0274898 (Ethicon Inc.) describes an absorb- 
able implant material having an open cell, foam-like 
structure and formed from resorbable polyesters, such 
5 as poly-p-dioxanone, other polyhydroxycarboxylic ac- 
ids, polylactides or polyglycolides. The open-cell plastic 
matrix is reinforced with one or more reinforcing ele- 
ments of a textile nature formed from a resorbable plas- 
tic and embedded in the matrix. The open-cell plastic 
10 matrix is made by freeze-drying a solution or suspension 
of the plastic material in a non-aqueous solvent. The 
pore size of the open-cell plastic matrix is from 10 to 200 
jim. 

JP-A-03023864 (Gunze KK) describes a wound im- 
15 plant material comprising a collagen sponge matrix re- 
inforced with fibres of poly-L-lactic acid. The collagen 
sponge matrix is formed by freeze drying a solution of 
porcine atherocollagen. 

EP-A-0562862 (Johnson & Johnson Medical, Inc.) 
20 describes bioabsorbable wound implant materials that 
are composites comprising a collagen sponge matrix 
having embedded therein oriented substructures of sol- 
id collagen fibers, films or flakes. The substructures re- 
inforce the collagen sponge and also provide a scaffold 
25 for directional cellular migration into the implant. The 
composites are formed by immersing the substructures 
in an aqueous collagen slurry and then freeze-drying the 
slurry to form the collagen sponge matrix. 

The above bioabsorbable sponge implants are 
30 formed by freeze-drying or solvent drying solutions or 
suspensions of a bioabsorbable material in a solvent. 
However, it is generally difficult to control the pore size 
and density of sponge materials made in this way. The 
structural integrity of these sponges has been enhanced 
35 by embedding bioabsorbable reinforcing fibres or sub- 
structures in the sponge matrix. The resorption of the 
sponges has been slowed by chemical cross-linking of 
the biopolymer. 

Attempts have also been made to reduce the pore 
40 size of collagen sponges formed by freeze-drying. This 
was done in order both to increase the density of the 
sponges and to limit the pore size to the 50-250 u.m 
range that was thought to be optimum for invasion by 
fibroblasts. 

45 in particular, WO90/00060 (Collagen Corporation) 
describes collagen implants that are formed by flash 
freezing and then freeze-drying a suspension of colla- 
gen fibrils without chemical cross-linking. The flash 
freezing results in smaller ice crystals, and hence in 

50 smaller pores in the finished sponge. The implants have 
a bulk density of 0.01 to 0.3 g/cm 3 and a pore population 
in which at least about 80% of the pores have an aver- 
age pore size of 35 to 250 urn This wound healing ma- 
trix also serves as an effective sustained delivery sys- 

55 tern for bioactive agents. 

Many of these sponge materials are intended for 
use in tissue augmentation or repair and require to be 
invaded and replaced by cells and newly synthesised 
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connective tissue. In this regard, It is crucial that a ma- 
terial placed into a wound to replace lost tissue, or used 
to augment deficient tissue, should be rapidly colonised 
by cells and newly forming connective tissue. If this does 
not happen, the material will be rapidly exfoliated by the 
wound bed and granulation tissue which will form out- 
side of the matrix. 

It has now been found that larger pores, in the size 
range 0.1 - 3.0, preferably 0.3 - 1 .0 mm, enhance fibrob- 
last invasion rates and result in enhanced wound heal- 
ing properties. 

Wake et al in Cell Transplantation vol. 3(4), pp 
339-343 (1994) describe studies of pore size effects on 
the fibrovascular tissue growth in porous bioabsorbable 
polymer substrates. The substrates of poly-L-lactic acid 
(PLLA) were prepared with pore sizes of up to 500 u.m 
by a particulate leaching technique. Briefly, the PLLA 
was dissolved in methylene chloride and sieved sodium 
chloride particles having diameters similar to the desired 
pore size were dispersed in the solution. The resulting 
dispersion was then cast into disks and dried. The so- 
dium chloride was then leached from the disks to leave 
the desired porous PLLA structure. It was found that fi- 
brovascular tissue advances much faster into porous 
PLLA with a larger pore size (~ 500 u.m) than into porous 
PLLA having smaller pores (179 and 91u:m). 

Mikos ct al in Polymer vol. 35(5), pages 1068-1077 
(1994) describe the preparations of PLLA sponges by 
particulate Caching in more detail. They state that, when 
70-90°« by weight of sodium chloride particles is includ- 
ed in the PLLA the resulting leached material is homo- 
geneous w th interconnected pores. There is no disclo- 
sure of leaching the sodium chloride from frozen aque- 
ous dispersions of PLLA. 

I: is an object of the current invention to provide a 
new method o* making sponge material suitable for use 
in wound healing therapy and the repair of tissues, for 
example full and partial thickness defects of the skin, 
whereby said material has controlled and graded pores 
or spaces Urge and interconnected enough to encour- 
age and support very rapid cellular invasion. 

I: is a t jrther object of the invention to provide bio- 
abso-babio sponge materials obtainable by the method 
ol the invention and having controlled and graded pores 
or spaces as above. 

I; is a I jrther object of the present invention to pro- 
vide a new method of making sponge materials using 
aqueous suspensions of bioabsorbable materials. 

It is a luithei object of the invention to provide the 
use ol such an improved bioabsorbable sponge material 
made by a method according to the invention in the 
preparation of wound implants and/or wound dressings. 

Accordingly, the present invention provides a meth- 
od ol making a bioabsorbable implant material having 
interconnected pores comprising the steps of: providing 
a dispersion of a bioabsorbable polymer in a first sol- 
vent: adding particles of a second material tothe disper- 
sion: followed by freezing the dispersion to form a frozen 



dispersion having the particles embedded therein, and 
removing said first solvent and second material from 
said frozen dispersion. 

Removing both the first solvent and the second ma- 

s terial from the frozen dispersion, for example by evap- 
oration under vacuum (freeze drying), results in a solid 
bioabsorbable polymer comprising a sponge matrix 
having a structure somewhat similar to previously 
known bioabsorbable sponges, but also comprising 

io therein larger interconnected pores corresponding in 
size and distribution tothe dispersed particles in the fro- 
zen dispersion. Since the number and size of the parti- 
cles in the frozen dispersion can readily be controlled, 
this method allows a sponge with high and controlled 

15 porosity to be made. 

Preferably, the particles of the second material are 
frozen droplets or crushed and sieved frozen particles 
of a second solvent and the step of adding the frozen 
droplets or frozen particles to the dispersion is carried 

20 out while the dispersion is maintained at a temperature 
below the melting point of the second solvent. Where 
the second solvent is water and the dispersion is an 
aqueous dispersion, this may be achieved by adding up 
to 50% wA/ of one or more low molecular weight alcohols 

2S such as ethanol or isopropanol to the dispersion in order 
to depress the freezing point of the dispersion. Prefera- 
bly, 5 to 10% v/v of the low molecular weight alcohol is 
used. 

In alternative preferred embodiments the first sol- 

30 vent comprises water and the second solvent comprises 
a water-immiscible oil or a volatile water-immiscible hy- 
drocarbon such as hexane. In such cases, droplets of 
the liquid second solvent can be distributed in the dis- 
persion of bioabsorbable polymer by standard mixing/ 

35 emulsification processes. Emulsifiers may be added to 
stabilise the liquid droplets of the second solvent. 

Preferably, the first solvent and second material are 
removed from the frozen dispersion by freeze drying. 
That is to say, the first solvent and second material are 

40 removed by evaporation under vacuum while heat is 
supplied to the frozen dispersion. 

In alternative preferred embodiments of the meth- 
od, the first solvent and second material are removed 
by solvent drying. In this method, the frozen dispersion 

45 is immersed in a liquid third solvent such as isopropanol 
maintained at a temperature above the freezing point of 
the dispersion. Repeated immersion in such a solvent 
bath, optionally with intermediate pressing steps, results 
in extraction of the solvent and second material from the 

50 frozen dispersion. Residual solvents remaining in the 
product can be removed by evaporation. This method 
is particularly suitable where the solvent is an aqueous 
solvent and the second material is a non-volatile liquid, 
such as an oil. Where the first solvent or second material 

55 comprises water, the third solvent is preferably a hygro- 
scopic solvent such as anhydrous isopropanol. The 
technique of solvent drying has been described, for ex- 
ample, in US-A-31 57524. 
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Preferably, the bioabsorbable polymer comprises 
one or more biopolymers. More preferably, the bioab- 
sorbable polymer consists essentially of the one or more 
biopolymers. Preferably, the biopolymers are selected 
from the group consisting of collagen, fibrin, laminin and s 
fibronectin. More preferably, the bioabsorbable polymer 
consists essentially of collagen. The collagen may be of 
any origin or type, including fibrous insoluble collagen, 
atelocollagen, solubilised collagen or reprecipitated col- 
lagen. 10 

In order to reduce the rate of dissolution and resorp- 
tion of the implant material in situ, the method of the 
present invention preferably further comprises the step 
of treating the bioabsorbable polymer with a chemical 
cross-linking agent. More preferably, the bioabsorbable is 
polymer comprises collagen and the cross-linking agent 
is HMDI (hexamethylene diisocyanate). Treatment with 
the cross-linking agent may be carried out on the dis- 
persion of the bioabsorbable polymer either before or 
after addition of the droplets. Alternatively, cross-linking 20 
may be carried out on the finished implant material, e. 
g. by treatment with gaseous formaldehyde. 

The principal advantage of the method of the 
present invention is that it allows the preparation of im- 
plant materials having high and controllable porosity. 25 
The finished materials contain interconnected pores 
corresponding substantially in size and distribution to 
the particles in the frozen dispersion. When preparing 
implant materials for wound healing applications, the 
particles preferably have diameters in the range 0.1 to 30 
3.0 mm. More preferably, the particles have diameters 
in the range 0.3 to 1.0 mm. Preferably, the weight ratio 
of the particles to the dispersion of bioabsorbable poly- 
mer to which they are added is from 1:1 to 20:1. The 
resulting pores in the product material therefore occupy 35 
approximately 50% to 95% of the volume of the material. 

The method of the present invention offers impor- 
tant advantages over the salt leaching method of pre- 
paring porous implants described by Wake et af and 
Mikos et al In particular, in the method of the present 40 
invention the removal of the first solvent and of the sec- 
ond material is carried out in a single process step, 
thereby reducing process cost and complexity. In addi- 
tion the present invention allows the production of aque- 
ous based implant materials, such as proteins and 
polysaccharides. Furthermore, the particles of the sec- 
ond material can be made in a variety of shapes, includ- 
ing chips, rods, and beads. The incorporation of rods or 
chips will result in a structure containing many intercon- 
necting channels, which would allow rapid cell invasion. 
Furthermore, the present invention enables the implant 
materials to be cast in any desired shape, whereas the 
salt leaching process previously described is effectively 
limited to thin films. Another advantage of the method 
of the present invention is that improved control over the 
density and porosity of the resulting materials can be 
achieved because the amount and composition of the 
first solvent in the frozen dispersion provide additional 



control parameters. 

The present invention also provides a porous bio- 
absorbable implant material obtainable by a process ac- 
cording to the invention . 

The present invention further provides the use of a 
porous bioabsorbable material obtainable by a process 
according to the invention for the preparation of an im- 
plant or dressing for the treatment of wounds. 

Specific embodiments of the present invention will 
now be described further, by way of example, with ref- 
erence to the accompanying figures, in which: - 

Fi Q ure 1 shows a scanning electron micrograph of 
a collagen sponge implant material obtained by a 
prior art method; 

F 'fl ure 2 shows a scanning electron micrograph, on 
the same scale as Fig. 1, of a collagen sponge im- 
plant obtained by a process according to the 
present invention; 

F| g ure 3 shows a section through a prior art sponge 
similar to that of Fig. 1 taken 14 days after implan- 
tation in vivo; and 

F 'g ure 4 shows a section through a sponge accord- 
ing to the present invention similar to that of Fig. 3, 
also sectioned 14 days after implantation in vivo. 

Example 1 (comparative) 

Fibrous collagen was obtained from bovine hides in 
pure form as an insoluble slurry in water, as described 
in US-A-4320201 and US-A-3823212, the entire con- 
tents of which are hereby expressly incorporated by ref- 
erence. The fibrous slurry is made basic with sodium 
hydroxide to pH 9.0, and water is added to adjust the 
solids concentration to 5% by weight. 

The aqueous dispersion of collagen fibers is then 
diluted to 0.5% solids. A cross-linker, HMDI (hexameth- 
ylene diisocyanate), is added in an amount correspond- 
ing to 5% by weight of the collagen in the dispersion with 
mixing, and the mixture is then snap frozen in a blast 
freezer. The frozen dispersion is then dried by freeze 
drying under standard conditions. 

A cross-section through a collagen sponge made in 
this way is shown in Fig. 1. it can be seen that the 
sponge comprises interconnected pores. The median 
pore size is approximately 0.1 mm. 

Example 2 

An aqueous dispersion of collagen fibers is pre- 
pared as described above in Example 1 . Absolute eth- 
anol and water are then added to the dispersion to a 
final concentration of 10% v/v ethanol and 5% w/v sol- 
ids. The dispersion is then cooled to -6°C. 

Ice particles are prepared by impacting ice con- 
tained in a plastic bag with a hammer and then sieving 
through a 2 mm sieve while maintaining the temperature 
below -1 0°C. The sieved ice particles are then added to 
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the pre-cooled collagen dispersion at a weight ratio of 9 
parts ice particles to 1 part dispersion, such that the final 
collagen solids concentration in the mixture is 0.5% by 
weight. HMD! is added in an amount corresponding to 
5% by weight of the collagen in the dispersion with mix- 
ing, and the mixture is then snap frozen in a blast freez- 
er. The frozen dispersion is then dried by freeze drying 
under standard conditions. 

A cross-section through a collagen sponge made 
as described in this Example is shown in Fig. 2. It can 
be seen that the sponge comprises interconnected 
pores. A number of these pores are quite large. The 
large pores are the vacancies left behind by evaporation 
of the ice particles from the frozen collagen dispersion. 
Typical dimensions for these large pores are 0.3-1.0 
mm. 

Example 3 

An aqueous dispersion of collagen fibers is pre- 
pared as described above in Example 1 . Absolute eth- 
anol and water are then added to the dispersion to a 
final concentration of 10% vAj ethanol and 5% w/w sol- 
ids. The dispersion is then cooled to -5°C. 

Frozen water droplets of graded size 0.3 to 1 .0 mm 
are made by firing a stream of physically well separated 
water droplets into a freezing solution such as isopropyl 
alcohol at -20 degrees C, or liquid nitrogen. The droplets 
are collected and stored at -15°C. 

The frozen water droplets are added to the pre- 
cooled dispersion of collagen fibers at a weight ratio of 
9 parts water droplets to 1 part dispersion, such that the 
final collagen solids concentration in the mixture is 0.5% 
by weight. HMDI is added in an amount corresponding 
to 5% by weight of the collagen in the dispersion with 
mixing, and the mixture is then snap Irozen in a blast 
freezer. The frozen dispersion is then dried by freeze 
drying under standard conditions. 

Example 4 

An aqueous dispersion of collagen fibers is pre- 
pared as described above in Example 1 . Liquid vegeta- 
ble oil is added to the cold dispersion maintained at 1 °C 
in amounts ranging from 5% - 100% by weight of the 
collagen present. In two different experiments, the oil is 
added in the presence and absence of 0.5% by weight 
of soluble collagen as an emulsifying agent. HMDI is 
added as a cross-linking agent in an amount of 5% by 
weight of the collagen, and the mixture is immediately 
vigorously mixed in an emulsifying homogeniser until a 
dispersion of oil droplets of diameter 0.1 to 0.5 mm is 
obtained. At this point the mixture is snap frozen in a 
blast freezer. The product is then thawed slowly in a bath 
of isopropanol with constant, gentle agitation until all of 
the oil is extracted (as assessed by grinding the product 
and extracting with standard fat extraction methods). It 
is necessary to change the isopropanol for fresh solvent 



in cases where high concentrations of oil are used. The 
products are then either air dried or washed in water and 
freeze dried. 

5 Example 5 

An aqueous dispersion of collagen fibers is pre- 
pared as described above in Example 1 . 

Solid droplets of palm oil (solid at room tempera- 
10 ture) are made by dropping palm oil liquid at 45°C into 
a pre-cooled water bath at 1°C. The droplets are har- 
vested and mixed with the collagen dispersion in the ab- 
sence of alcohol in the same way as described in Ex- 
ample 1. Extraction of the palm oil and drying are per- 
15 formed as described in Example 2 above. 

Example 6 

The enhanced cellular infiltration properties of the 

20 wound implant materials made according to the present 
invention are now demonstrated as follows. 

Collagen sponge materials made in the fashion de- 
scribed above in Examples 1 and 2 are implanted sub- 
cutaneously in rats. The sponges are removed after 

25 one, three, seven and fourteen days. Portions of each 
sponge are taken for histological analysis. 

Figs. 3 and 4 illustrate the different rates of cellular 
invasion into prior art sponges (Fig. 3) and the sponge 
made according to the present invention (Fig. 4). It can 

30 clearly be seen that, after 1 4 days, there has been quite 
little cellular invasion into the sponge of Fig. 3, but sub- 
stantial cellular invasion into the sponge of Fig. 4. This 
conclusion is confirmed by histological analysis of the 
implanted sponges. 

35 The above embodiments have been described by 
way of example only. Many other embodiments of the 
invention falling within the scope of the accompanying 
claims will be apparent to the skilled reader. 



40 

Claims 

1. A method of making a bioabsorbable material hav- 
ing interconnecting pores comprising the steps of: 

45 

providing a dispersion of a bbabsorbable pol- 
ymer in a first solvent; 

adding particles of a second material to the dis- 
persion; followed by freezing the dispersion to 
50 form a frozen dispersion having the particles 

embedded therein, and 

removing said first solvent and second material 
from said frozen dispersion in a single step by 
freeze drying or solvent drying. 

55 

2. A method according to claim 1 , wherein the parti- 
cles of the second material are frozen droplets or 
frozen particles of a second solvent and said adding 
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step is carried out while the dispersion is maintained 
at a temperature below the melting point of the sec- 
ond solvent. 

3. A method according to claim 2, wherein the first and s 
second solvents comprise the same liquid. 

4. A method according to claim 1 , wherein the said 
particles are droplets of a second solvent which is 
immiscible in the first solvent. w 

5. A method according to any preceding claim, where- 
in the step of removing comprises removing the first 
solvent and second material by freeze drying. 

15 

6. A method according to any preceding claim, where- 
in the step of removing comprises removing the first 
solvent and the second material by solvent drying. 

7. A method according to any preceding claim, where- 20 
in the first solvent comprises water. 

8. A method according to any preceding claim, where- 
in the bioabsorbable polymer comprises one or 
more biopolymers. 25 

9. A method according to claim 8, wherein the biopol- 
ymers are selected from the group consisting of col- 
lagen hbnn laminin and fibronectin. 

30 

10. A method according to claim 8 or 9, wherein the bi- 
oresorbable polymer consists essentially of colla- 
gen 

11 A method according to any preceding claim, further 35 
comprising the step of treating the bioabsorbable 
polymer with a chemical cross-linking agent. 

1 2. A method according to any preceding claim wherein 

at leas: some of said particles have a minimum di- 40 
mensK>n m the range 0.1 - 3.0 mm. 

13. A method according to claim 12, wherein at least 
some ot said particles have a minimum dimension 

in the rangc0 3- 1.0mm. 45 

1 4. A method according to any preceding claim, where- 
in the wuight latioof said particles to said dispersion 
of bioresorbable polymer is from 1:1 to 20:1. 

50 

1 5. A porous bioabsorbable implant material obtainable 
by a process according to any preceding claim. 

16. Use of a porous bioabsorbable material according 

to claim 15 for the preparation of an implant or 55 
dressing for the treatment of wounds. 
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